Introduction
Alzheimer's disease (AD) is accompanied by progressive cognitive impairment and disability of daily function and has caused a global health concern. There is growing interest in characterizing the early stages enabling better targeted early intervention [1] for AD and can be viewed as the prodromal phase of AD [2] .
Recently, studies have tended to focus on the more advanced pre-clinical status termed subjective memory impairment (SMI). Individuals with SMI are defined as those with subjective reports of memory function decline whilst the objective neuropsychological assessments are within the normal range. Substantial evidence has shown that SMI may increase the risk of AD and MCI [3, 4] . SMI may serve as a pre-MCI condition [5] . Therefore, early detection of biomarkers and the biological basis of SMI attract growing attention from researchers. Numerous studies have demonstrated that individuals with SMI tend to present abnormal imaging biomarkers similar to AD and aMCI [4, 6, 7] , especially in the hippocampus and entorhinal cortex.
Regional white matter (WM) pathology is demonstrated to be associated with hippocampal degeneration in AD [8] . However, few studies have focused on whether there is WM integrity disturbance in SMI and whether there are differences amongst individuals with normal cognition (NC), SMI and aMCI [9] . Investigations of WM integrity disturbance in SMI not only can be beneficial for a better understanding of the disease process but also can be helpful in exploring neuroimaging biomarkers for both early diagnosis of AD and monitoring disease progression.
Diffusion tensor imaging (DTI) is capable of measuring several microstructural properties of the WM and is sensitive to alterations in WM structure such as myelin loss, axonal injury, cell death and oedema [10] . The study aims at exploring whether there are WM integrity differences amongst individuals with NC, SMI and aMCI. More importantly, it was hypothesized that SMI will show alterations of WM integrity similar to the patterns of aMCI and exhibit intermediate status between NC and aMCI.
Methods

Participants
There were 67 right-handed participants recruited in this study involving 25 with NC, 20 with SMI and 22 with aMCI. All participants were from the Beijing Aging Brain Rejuvenation Initiative database. The study was approved by the Institutional Review Board of the Beijing Normal University Imaging Centre for Brain Research. Written informed consent was obtained from each participant. Demographic information of each group is presented in Table 1 . The neuropsychological tests, inclusion criteria and exclusion criteria are provided in Data S1.
Image acquisition
Magnetic resonance imaging examinations were performed with a 3.0 T Siemens Tim scanner in the Imaging Centre for Brain Research, Beijing Normal University. DTI, T1-weighted and T2-weighted images were obtained. The detailed parameters are provided in Data S1.
Image analysis
The diffusion tensor images were preprocessed using PANDA software (Pipeline for Analyzing Brain Diffusion Images, http://www.nitrc.org/projects/panda/) [11] . The atlas-based segmentation strategy was adopted and each subject's fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (DR) and axial diffusivity (DA) maps to the JHU White Matter Tractography Atlas were registered [12] . Twenty WM pathways were examined. The detailed procedure is provided in Data S1.
Statistical analysis
Analysis of covariance (ANCOVA) using age, sex and education as covariates was performed to evaluate the group differences in neuropsychological assessments and the diffusion metrics of regions of interest. If the ANCOVA results were significant, post hoc comparisons were performed. Bonferroni correction was performed to adjust false-positive results in multiple comparisons of 20 atlas-based regions of interest. The metrics that showed significant group differences after Bonferroni correction (P < 0.05/20) were combined using linear discriminant analysis. Receiver operating characteristic (ROC) curve analysis was used to determine the diagnostic power of combined metrics in discriminating the SMI or aMCI participants from control participants. Partial correlation analysis was conducted to evaluate the relationship between the diffusion metrics which showed significant group differences and the neuropsychological scores in the SMI and aMCI groups, respectively, with age, gender and education as covariates.
Results
Demographics and neuropsychological testing
No group differences were found in age, gender, education and vascular risk factors amongst the three groups. Mini-Mental State Examination scores were significantly lower in the aMCI group than in the SMI and NC groups. Scores of the neuropsychological assessments in the SMI group fell within the normal range but were intermediate between NC and aMCI ( Table 1) .
Group comparisons of atlas-based tract
The diffusion tensor metrics of SMI were intermediate between NC and aMCI. FA and DR values in the left anterior thalamic radiation (ATR), right corticospinal tract (CST) and left cingulum of the hippocampus (CgH), as well as MD values in the left CgH, presented significant differences (effect size 0.18-0.23, P < 0.0025) amongst the three groups after Bonferroni correction performed for the multiple comparisons ( Fig. 1 and Table 2 ).
Post hoc comparisons revealed that the aMCI group showed significantly lower FA values and higher DR values compared with the NC group for the left ATR, right CST and left CgH tracts, as well as increased MD values in the left CgH. Compared with the NC group, the SMI group presented significantly reduced FA values, higher MD values and higher DR values in the left CgH (Table 2 and Fig. 2 ).
Classification analysis
The ROC curve analysis revealed that the disrupted diffusion metrics exhibited an area under the curve value of 0.829 (sensitivity 68%, specificity 81.82%) for discrimination between the aMCI and control participants and 0.784 (sensitivity 60%, specificity 86.36%) for discrimination between the SMI and control participants (Fig. S1 ).
Relationship between diffusion metrics and neuropsychological scores
A series of correlations between the diffusion metrics of atlas-based tracts with significant group effects (P < 0.05 after Bonferroni correction) and neuropsychological scores was conducted. For the aMCI group, the MD of the left CgH was negatively correlated with Post hoc paired comparisons showed significant group differences between SMI and aMCI.
the Rey-Osterrieth complex figure (ROCF) recall test (r = À0.425, P = 0.049), whilst the DR of the right CST was positively associated with part B of the Trail Making Test (TMT-B) (r = 0.451, P = 0.035; Fig. 3) . No relationship between diffusion metrics and neuropsychological scores was found in SMI. Figure 1 Group differences of the mean diffusion metrics of the atlas-based tracts between the aMCI, SMI and NC groups. (a) JHU White Matter Tractography Atlas. (b) Group differences of the mean diffusion metrics between the aMCI, SMI and NC groups. aMCI, amnestic mild cognitive impairment; ATR, anterior thalamic radiation; CgC, cingulum of the cingulate cortex; CgH, cingulum of the hippocampus; CST, corticospinal tract; DA, axial diffusivity; DR, radial diffusivity; FA, fractional anisotropy; FMa, forceps major; FMi, forceps minor; IFO, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; L, left; MD, mean diffusivity; R, right; SLF, superior longitudinal fasciculus; SMI, subjective memory impairment; tSLF, superior longitudinal fasciculus (temporal part); Unc, uncinate fasciculus. *P < 0.05; **P < 0.01; ***P < 0.05 after Bonferroni correction. 
Discussion
The present study found several altered diffusionderived parameter values in the WM of aMCI and SMI participants. The SMI group presented intermediate values between the NC and aMCI groups. The aMCI group presented disrupted integrity in the WM tracts in the left ATR, right CST and left CgH compared to the NC group, which was consistent with former DTI studies in AD and aMCI patients [13, 14] . The left CgH showed diffusion alterations in the SMI group compared to the NC group. Furthermore, in the aMCI group it was demonstrated that the MD of the left CgH was negatively correlated with episodic memory, whilst the DR of the right CST was negatively correlated with executive function. Recently, there has been growing interest in characterizing and identifying the early stages of AD. SMI has attracted significant attention largely because of its association with pre-clinical AD dementia. It was reported that as many as 60% of older people with SMI progressed to MCI or AD over a 15-year period [5] . This means that approximately 40% of older people with SMI may be stable or convert to other conditions. To increase the predictive validity of SMI as a marker of pre-clinical AD, numerous studies have focused on the biomarkers of AD-related neurodegeneration in SMI and provided evidence of amyloidosis and neurodegeneration of grey matter in SMI [7, 15] . Microstructural changes in WM have been reported to occur prior to hippocampal atrophy and could be helpful in predicting neurocognitive function during the AD neurodegenerative process [16] . However, relatively little evidence has been reported on the degeneration of WM in SMI. Our study used several diffusion indices to determine the WM integrity in SMI. MD values reflect the mean value of water diffusion, whilst the FA values reflect the coherence of the water diffusion's orientation [17] . DA and DR values represent the longitudinal and perpendicular diffusion of water along the principal fibre direction, respectively [17] . Importantly, in our study, the SMI group presented significantly lower FA values, increased MD values and increased DR values in the left CgH compared to the NC group. The cingulum is a collection of WM fibres connecting the prefrontal cortices to the posterior cortices including the hippocampal formation and allowing for communication between components of the limbic system [18] . Previous DTI studies of AD or aMCI have shown that alteration of these DTI indices are found in CgH [19, 20] . In our study, the degeneration of CgH emerges during the pre-dementia stages of AD, including the aMCI and SMI stages. Alterations of the DTI indices in CgH can be viewed as early pathological changes in the SMI period and can help identify SMI status.
Our study demonstrated that only the left CgH presented diffusion alterations in the SMI group, whilst more extensive tracts presented degeneration in the aMCI. It has been reported that atrophy of the hippocampus and medial temporal lobes occurs before spreading to the neocortex in the early stage of the disease process and is more pronounced in the left hemisphere [21] . These data suggest that the WM neurodegeneration patterns obtained as the disease progresses are consistent with the pattern of grey matter damage and the pathophysiology of AD. SMI can present altered diffusion metrics in the left CgH. As the disease progresses, neurodegenerative changes in the WM gradually spread to the fibre bundles linked to the neocortex. Notably, WM degeneration, such as myelin loss and axonal injury, is also a frequent structural brain change related to disease progression in other degenerative diseases, such as Parkinson's disease, amyotrophic lateral sclerosis and other types of dementia [22] . Early identification of the disrupted WM microstructure related to the specific disease is important to determine pre-clinical signs of disease and to monitor disease progression.
Then, our study revealed that in the aMCI group the MD values of the left CgH were negatively correlated with episodic memory (reflected by the ROCF recall test [23] ), whilst the DA values of the right CST were negatively correlated with executive function (reflected by TMT-B scores [24] ). It has been shown that episodic memory is associated with the impaired integrity of the CgH [25] . Damage of the CST has been reported to be correlated with decreased executive function [26] . Our results are consistent with the former studies. It is worth noting that no significant correlations between WM integrity and neuropsychological scores were found in the SMI group, and the correlations in the aMCI group were not able to survive Bonferroni correction (P = 0.049 for ROCF recall and MD values in the left CgH, P = 0.035 for TMT-B and DR values in the right CST); it could be that all participants were recruited from local communities rather than hospitals and might experience subtle WM damage before cognitive impairment.
There are some limitations in our study. First, the sample size is relatively small. Secondly, our study was cross-sectional, suggesting that SMI was an intermediate state between NC and aMCI. Whether the SMI group will develop aMCI or AD is unknown. Therefore, longitudinal studies are needed to explore this. Thirdly, our study only focused on WM alterations, but whether WM changes are correlated with functional changes still needs further exploration.
In conclusion, the study suggested that SMI might present detectable WM integrity changes in the left CgH before exhibiting objective cognitive dysfunction, which may provide novel insights into the pathological mechanisms of AD. Longitudinal studies are needed to explore the longitudinal changes from the pre-clinical stages to the clinical stages of AD and to evaluate the values of DTI in predicting the process of AD.
